The failure of placental trophoblasts to differentiate properly is thought to play an important role in the cause of pregnancy disorders such as preeclampsia. We looked at the effects of the bioactive lipid sphingosine-1-phosphate (S1P) on the differentiation of primary human cytotrophoblasts (CTs) into syncytiotrophoblasts (STs) in culture. We found that S1P inhibited CT differentiation measured by human chorionic gonadotropin (hCG) secretion and the expression of placental alkaline phosphatase but had no effect on their fusion into multinucleated syncytialized cells. G-protein-linked S1P receptors 1, 2, and 3 were found in CTs by reverse transcriptase-polymerase chain reaction, and receptor 1 was found by Western blot analysis. Disruption of G i signaling with pertussis toxin reversed the inhibitory effects of S1P. S1P reduced intracellular cAMP, and the addition of 8-bromo-cAMP reversed S1P inhibition of hCG secretion. Therefore, we suggest that S1P inhibits the differentiation of CTs into STs through G i -coupled S1P receptor interaction(s), leading to the inhibition of adenylate cyclase and reduced production of intracellular cAMP. This is the first reported effect of S1P on placental trophoblast function. 
Sphingosine-1-phosphate (S1P) is a member of an important group of signaling sphingolipids now recognized to play a role in a diverse array of cellular processes, such as apoptosis, cell motility, calcium signaling, differentiation, and proliferation (1) . It is particularly interesting because it appears to have dual functions inside and outside cells (2) . The intracellular signaling of S1P is less well characterized because an intracellular target has yet to be identified in mammals, but this mode of action is strongly supported (1) . Signaling by S1P outside the cell is mediated by extracellular G-protein-coupled membrane receptors, five of which have been identified and characterized (S1P 1 to S1P 5 ) (3) . Each receptor signals to multiple downstream responses by coupling to different G-proteins: S1P 1 exclusively links to G i , S1P 2 and S1P 3 link to G i , G q , and G 12/13 , and S1P 4 and S1P 5 link to G i and G q . Downstream, S1P 1 /G i inhibits adenylate cyclase (3) and stimulates the Ras small GTPase, possibly phospholipase C (4), and phosphatidylinositol 3-kinase (5). S1P 2 /G q linkage leads to calcium mobilization through phospholipase C (6). In contrast to S1P 1 and S1P 3 , S1P 2 inhibits cell migration by inhibiting Rac (7) despite coupling to the same G-proteins (G i , G q , and G 12/13 ) as S1P 3 . It may also link to G s , because it stimulates rather than inhibits adenylate cyclase (8) . S1P 3 promotes cell migration through G i (leading to Rac stimulation) and G 12/13 (leading to Rho stimulation) as well as calcium mobilization through G q ; unlike S1P 2 , it inhibits adenylate cyclase (3) .
The distribution of S1P receptors varies across cell types, with S1P 1 to S1P 3 being widespread and S1P 4 and S1P 5 being more restricted to lymphocytes, lung, and the central nervous system (7) . How S1P functions through receptors 1-3 is thought to depend on the relative concentration of receptor type in individual cells and the corresponding activity of the signaling pathways triggered by their respective G-proteins (9) .
The majority of work on S1P actions has centered on its roles in chemotaxis and apoptosis control. However, recently, a role was proposed in cell differentiation (10) .
The villous trophoblast separates maternal from fetal blood in the placenta and comprises immature replicative cytotrophoblasts (CTs) that fuse with and mature into functional but proliferatively senescent syncytiotrophoblasts (STs) (11) . Abnormal differentiation is one of the features of the villous trophoblast of placentas from pregnancies complicated by preeclampsia and the intrauterine growth restriction that accompanies it (12) (13) (14) (15) (16) . Platelet activation is another characteristic of preeclampsia (17) and is a major source of intravascular S1P (18) . Indeed, plasma S1P levels are increased in preeclampsia patients (19) .
We tested the hypothesis that altered S1P levels or signaling are responsible for the abnormal placental trophoblast differentiation seen in preeclampsia by determining whether S1P affects the differentiation of trophoblasts from uncomplicated placentas. Differentiation of highly purified villous CTs (20) was measured by three independent methods: fusion into syncytia, expression of placental alkaline phosphatase (PLAP; expressed in the apical membrane of the ST), and secretion of human chorionic gonadotropin (hCG; expressed by the ST). We show that S1P inhibits the functional markers of differentiation (PLAP and hCG), but not fusion, in a 5 day culture with epidermal growth factor (EGF). S1P inhibits through a G i -coupled S1P receptor response that results in adenylate cyclase inhibition and lower intracellular cAMP.
MATERIALS AND METHODS

Materials
S1P (10 M; Biomol, Plymouth Meeting, PA), lysophosphatidic acid (LPA) at 1 and 10 M , the cell-permeable cAMP analog 8-bromo-cAMP (1 mM; Sigma, Oakville, Ontario, Canada), and pertussis toxin (200 ng/ml; Sigma) were added to cell cultures 2-4 h after cell plating. All other chemicals were of the purest grades available commercially.
Isolation, purification, and culture of pure term villous CTs
Placentas were obtained with ethics approval of the Capital Health Authority after elective cesarean or normal term delivery from uncomplicated pregnancies at the Royal Alexandra Hospital, Edmonton. Villous CTs ( Ͼ 99.99% pure) (20) were isolated by trypsin-DNase digestion of minced chorionic tissue and immunoabsorption onto Ig-coated glass bead columns as described previously (20, 21) using anti-CD9 (monoclonal antibody 50H.19; house preparation), anti-major histocompatibility complex (MHC) class I (W6/32; Harlan Sera-Lab, Crawley Down, Sussex, UK), and anti-MHC class II (clone 7H3; house preparation) antibodies for immunoelimination. The purified cells were routinely cryopreserved and after thawing were washed twice in Iscove's modified Dulbecco's medium (IMDM; GIBCO, Grand Island, NY) supplemented with 10% FBS (GIBCO) and antibiotics (end concentrations, penicillin, 100 U/ml; streptomycin, 100 g/ml; Sigma). The cells were seeded at 2.5 ϫ 10 6 per well per 2 ml of IMDM/ FBS in 6-well tissue culture dishes (NUNC™ number 152795; GIBCO) and 1.5 ϫ 10 5 per well in 96-well dishes and incubated for 4 h at 37 Њ C in a humidified atmosphere of 5% CO 2 in air. The nonadherent cells and debris were removed with prewarmed IMDM/FBS, IMDM/FBS was readded with the experimental additions, and the dishes were returned to the incubator with additions for further culture for the times indicated for individual experiments.
R2TK fibroblast proliferation (assay for LPA)
The rat fibroblast line R2TK was obtained from David Brindley (University of Alberta) and cultured as described previously (22) with the following variations. In the last 16 h of the 24 h exposure to LPA, the cells were exposed to Bromodexyuridine (BrdU) (10 g/ml; Sigma) and then fixed in ice-cold methanol (20 min). The cells were then treated with 4 M HCl for 30 min at 37 Њ C, washed with PBS, and reacted with a 1:400 dilution of the mouse monoclonal antibody BU33 (Sigma) for 4 h. After washing with PBS, cells were exposed to Alexa Fluor 488 (Molecular Probes, Eugene, OR) for 30 min (to both lightly stain all nuclei and to brightly stain BrdU-labeled nuclei) and then washed again with PBS. They were visualized as described below.
Immunofluorescence
Treated cells on 96-well plates were fixed with 1% paraformaldehyde (10 min; PLAP) or methanol-acetone ( Ϫ 20 Њ C, 10 min; desmoplakin, not allowed to dry) after washing once with PBS. Fixed cells were then incubated with nonimmune goat serum (Zymed Laboratories, Markham, CA) to block nonspecific binding sites for 1 h and exposed either to a primary antibody for PLAP (IgG2a monoclonal antibody, clone 8B6, 10 g/ml; Sigma, St. Louis, MO) or desmoplakin (IgG1 monoclonal antibody, 10 g/ml; ICN ImmunoBiologicals, Costa Mesa, CA) overnight at 4 Њ C. The cells were then washed with PBS and exposed to 1 g/ ml streptavidin-Alexa Fluor 546 conjugate (Molecular Probes) for 30 min, then washed again with PBS and counterstained with 4 Ј ,6-diamino-phenylindole (DAPI; 100 l of 1.4 g/ml; Molecular Probes) for 10 min at room temperature.
Digital photography and analysis
Images were obtained with an Olympus IX2-UCB motorized inverted research microscope equipped with a Lambda DG-4 high-speed filter changer and a Cascade 16 bit digital monochrome camera (Olympus, Melville, NY). Digital images of each well were obtained with DAPI (blue) and rhodamine (red) filters. We used Slidebook 3.0 (Carsen, Markham, Ontario, Canada) as capture software and Image Pro-Plus (Media Cybernetics, Del Mar, CA) for analysis. Multinucleation was determined by manual counting of nuclei/desmoplakin-stained cells. PLAP intensity was assessed after setting the fluorescence level at the beginning of each experiment in control (untreated wells) as zero, and the relative intensity of S1P-treated cultures was assessed with Image-Pro Plus.
RT-PCR
Trophoblast RNA was isolated from three separate trophoblast cultures using Trizol (GIBCO) according to the manufacturer's instructions. Reverse transcription was performed on 2 g of total RNA using the TaqMan reverse transcription kit (Invitrogen) containing 1 ϫ RT buffer (Invitrogen RT buffer), 5.5 mM MgCl 2 , 500 M deoxynucleoside triphosphate, 2.5 M random primers, 0.4 U/ l RNase inhibitor, and 1.25 U/ l reverse transcriptase in a total volume of 40 l. PCR was performed using the platinumTaq polymerase kit (Invitrogen) (mixture: 1 ϫ PCR buffer, 2.5 mM MgCl 2 , 300 M deoxynucleoside triphosphate, and 200 nM specific primers in a reaction volume of 50 l) using 35 cycles and annealing temperatures of 54-63 Њ C. Primers for S1P 1 , S1P 2 , S1P 3 , and S1P 5 were produced at the University of Alberta according to successfully used sequences from the literature [S1P 2 and S1P 3 (23) , S1P 1 and S1P 5 (24) ]; the sequences for S1P 4 , a kind gift from the Academic Unit of Child Health (Manchester, UK), were 5 Ј -ACGGGAGGGCCTGCTCTTCA-3 Ј (forward) and at PENN STATE UNIVERSITY, on www.jlr.org Downloaded from 5 Ј -AAGGCCAGCAGGATCATCAG-3 Ј (reverse). PCR products were separated on 1% agarose/ethidium bromide gels, and visualized bands of the appropriate base pair size were cut and prepared for confirmatory sequencing using a gel purification kit (Qiagen, Mississauga, Ontario, Canada). Genomic DNA was used as a positive control for S1P 4 and S1P 5 , which were not detected in trophoblast cells, to confirm efficient PCR primer action.
Western blot analysis
Sample protein concentrations were determined in duplicate with Micro BCA™ Reagent (Pierce Chemical, Rockford, IL) using a serum albumin standard. Sample protein (15-20 g/ml) was solubilized in 3 ϫ sample buffer (Sigma) by boiling for 5 min and stored until electrophoresis. SDS-PAGE on 10% gels was performed as described previously using a Mini-Protein II gel system (Bio-Rad Laboratories, Inc., Hercules, CA). After electrophoresis, gels were equilibrated for 15 min in transfer buffer (25 mM Tris, 190 mM glycine, and 20% methanol). Proteins were electrophoretically transferred onto nitrocellulose membranes (100 min, 60 V), which were then incubated with a blocking solution [5% dried skim milk in 100 mM Tris (pH 7.5) with 140 mM NaCl and 0.01% Tween 20] for a minimum of 1 h. The blots were incubated overnight at 4 Њ C with anti-Edg1 (Biomol), washed twice with the blocking and washing solutions, incubated with diluted horseradish peroxidase-conjugated secondary antibodies (Santa Cruz Biotechnology, Santa Cruz, CA; Southern Biotechnology Laboratories) for 1-2 h at room temperature, washed extensively, and developed using enhanced chemiluminescence (Amersham Pharmacia Biotech, Buckinghamshire, UK) on X-ray films. Attempts to identify S1P 2 and S1P 3 using Western blotting were unsuccessful because of the failure of purchased antibodies to detect S1P 2 and S1P 3 in positive controls (human umbilical vein endothelial cells).
hCG and cAMP assays
Cell supernatants were collected, centrifuged at high speed for 5 min at 4 Њ C, and frozen at Ϫ 20 Њ C. A colorimetric assay system (DRG Diagnostics, Marburg, Germany) was used to determine ␤-hCG levels with optical density determined on a 96-well plate reader (Molecular Probes).
Intracellular cAMP levels were obtained with a colorimetric assay kit (Cayman Chemicals, Ann Arbor, MI). Trophoblasts were cultured for 18 h, stimulated with forskolin (10 M, 20 min), and then treated with or without S1P. At 1 h, trophoblasts were harvested with 1 ml of 0.1M HCl, and cAMP analysis was performed. Readings were obtained the next day.
Statistical analysis
Experiments for each figure were performed at least three times on trophoblasts isolated from two different placentas. Differences between experimental groups for the two cell types (CTor ST-like cells) were evaluated by one-way ANOVA with pairwise multiple comparison procedures (Tukey test) using the SigmaStat program (Jandel Scientific, San Rafael, CA). Results were considered significant at P Ͻ 0.05.
RESULTS
Isolated term CTs ‫%09ف(‬ pure) spontaneously mature in culture to secrete hCG, a marker of trophoblast biochemical differentiation (25) , with and without FBS (26) . Highly purified CTs (Ͼ99.99% purity) also spontaneously differentiate in serum-containing medium, to secrete hCG (our unpublished data) and fuse in culture to form multinucleated cells (27) (Fig. 1A, B, respectively) . The effect was independent of adherent cell number and apoptosis rate, which were not statistically different between the two groups (data not shown). EGF-stimulated hCG production and PLAP formation were also inhibited by S1P [59.2 Ϯ 19.0% (n ϭ 6 placentas) and 33.5 Ϯ 2.1% (n ϭ 2 placentas), respectively]. Both are very similar to S1P's inhibition of the respective spontaneous differentiation (compare with Fig. 1) .
We have shown previously that CTs in culture require EGF to form extensive multinucleated syncytia but that it was not required for the upregulation of hCG production (28). However, highly purified CTs still fuse without EGF, albeit to a lesser degree. Unknown is whether S1P inhibited the fusion in association with its effects on hCG and PLAP. Therefore, we measured levels of multinucleation with EGF and S1P and found that there was no significant Fig. 1 . Sphingosine-1-phosphate (S1P) inhibits cytotrophoblast (CT) human chorionic gonadotropin (hCG) and placental alkaline phosphatase (PLAP) upregulation. Trophoblasts were plated, washed, and cultured as summarized in Materials and Methods. Cells were cultured with 10 M S1P, media were changed on days 1, 3, and 5, and hCG levels were measured in the media. On day 5, PLAP immunofluorescence on the cultured cells was assessed, and the staining intensity was normalized to the untreated control cells. The results shown in A are means Ϯ SD of six independent experiments carried out with cells from five placentas. The results shown in B are means Ϯ SD of three independent experiments carried out with cells from three placentas. difference between S1P-treated and control cells (Fig. 2) . In contrast, EGF strongly stimulated fusion, but S1P still did not reverse this fusion (with EGF, 64%; with S1P ϩ EGF, 72%) (Fig. 2) .
LPA also exerts its effects through a family of G-proteincoupled receptors that are broadly expressed (29) . Therefore, we tested LPA at 1 and 10 M for its effect on R2TK fibroblast proliferation (positive control) (22) and on trophoblast production of hCG and fusion into multinucleated cells. The LPA preparation was fully active (medium control, 14.8%; 1 M LPA, 44%; 10 M LPA, 55.2% of cells incorporated BrdU). We next showed that LPA did not decrease hCG secretion from trophoblasts at 1 and 10 M (Fig. 3A) and did not change the extent of cell fusion in a 5 day treatment (Fig. 3B) . We conclude that under the conditions of the culture, LPA does not affect trophoblast differentiation.
We next identified a potential mechanism of action of S1P. In Fig. 4A , we show that trophoblasts express S1P 1 , S1P 2 , and S1P 3 receptor mRNA but show no evidence of S1P 4 and S1P 5 mRNA. To confirm that mRNA expression of one of the S1P receptors leads to protein expression, we demonstrated the presence of S1P 1 protein (Fig. 4B) . S1P 1 , S1P 2 , and S1P 3 couple with G i (5). Pertussis toxin blocks G i signaling by ADP-ribosylating the G␣ subunit (5) and inhibits the actions of S1P mediated through the S1P receptor/G i linkage (30) . Pertussis toxin did not inhibit the differentiation of untreated CTs, as judged by hCG secretion; however, it reversed the inhibitory effects of S1P (Fig. 5) . These results suggest that G i coupling is not important in spontaneous differentiation to an hCG-secreting state but that it mediates the inhibitory action of S1P.
Activation of G i inhibits the intracellular production of cAMP by adenyl cyclase (31) . Because cAMP increases tro- Fig. 2 . S1P does not inhibit CT fusion. Trophoblasts cultured as described in the legend to Fig. 1 were exposed to epidermal growth factor (EGF; 10 g/ml) and S1P (10 M) with media changes every 2 days and on day 5 fixed and stained for desmoplakin (red) and 4Ј,6-diamino-phenylindole (blue). The number of multinucleated (n у 2) and mononucleated cells was evaluated in 16 microscope fields per experiment. Values shown are means of four independent experiments carried out with cells from three placentas. The values for control and EGF were significant different (P Ͻ 0.05), but those for control and S1P were not. (32), we speculated that S1P inhibited differentiation through G i inhibition of adenyl cyclase, resulting in reduced intracellular cAMP. To test this hypothesis, we stimulated cAMP production with forskolin and measured intracellular cAMP in the presence and absence of S1P. The addition of S1P to CTs for 1 h resulted in a reduction in intracellular cAMP levels by 46 Ϯ 22% (Fig. 6) . Furthermore, we found that a cell-permeable analog of cAMP, 8-bromo-cAMP, was able to reverse the inhibitory effects of S1P on hCG production when added during a 5 day culture (Fig. 7) , showing that cAMP's prodifferentiation actions are downstream of S1P effects.
DISCUSSION
To our knowledge, this is the first study to show a role for S1P in trophoblast biology. Our results suggest that this bioactive lipid may inhibit and fine-tune the differentiation of CTs into STs. Because the ST layer, which acts as the interface between maternal and fetal circulations, is incapable of dividing, it must be continuously replenished from the replicative CTs throughout pregnancy (11). Conditions that make this less likely may inhibit the replenishment process and reduce the efficiency of placental nutrient transfer, leading to the reduced fetal size that is seen in intrauterine growth restriction and some cases of preeclampsia (33) . There are preliminary data that S1P is increased in maternal serum in pregnancies complicated by preeclampsia (19) but no data on fetal S1P levels. Because the majority of serum S1P comes from circulating platelets (18) and platelet function in preeclampsia is altered in both maternal (17) and fetal (34) circulations, the trophoblasts (both CTs and STs) are likely exposed to higher S1P levels in pregnancies complicated by preeclampsia.
We have demonstrated that S1P inhibited two of three markers of spontaneous and EGF-stimulated trophoblast differentiation (hCG secretion and PLAP expression but not cellular fusion; Figs. 1, 2) . The expression of hCG was shown to be required for spontaneous or EGF-stimulated differentiation (measured by hCG expression) of CTs (32) . PLAP expression occurs on the brush border of differentiated trophoblasts (35) , although whether this is linked to hCG production or some other aspect of the differentiation pathway is unknown. The appearance of ‫%03ف‬ of the nuclei in multinucleated units after 5 days (without the addition of EGF) was unaffected by S1P. This may mean that the S1P inhibition of hCG secretion by 57% (or PLAP expression by 39%) did not reflect sufficient inhibition to prevent spontaneous fusion. Another possibility is that hCG secretion and PLAP expression are programmed separately from cell fusion. In support of the latter possi- bility, we note that with EGF (which promotes greater cellular fusion), S1P still inhibits hCG production, but not fusion (Fig. 2) . In a similar manner, anti-EGF receptor antibody blocked fusion but not hCG expression in cultured trophoblasts (28) .
It has been suggested that CT differentiation is linked to caspase-8 activation and the onset of apoptosis (36) . However, EGF both stimulates CT fusion (26, 32) and promotes CT resistance to apoptosis (37) . Cellular production of S1P is stimulated by EGF, and S1P is an antiapoptotic agent for CTs (this paper). Whether EGF or S1P allows caspase-8 activation while preventing further apoptosis is currently under investigation. S1P receptors have not previously been identified on trophoblasts. Therefore, we first screened for S1P 1 to S1P 5 mRNA by RT-PCR and identified S1P 1 to S1P 3 . Because all three have been shown to link to G i (3), we used pertussis toxin, a known inhibitor of G i (3, 8, 30) , to determine whether the observed inhibitory effect of S1P on trophoblast production of hCG was through these receptors. Pertussis toxin blocked the inhibitory effects of S1P on hCG production but did not block the spontaneous increase. We conclude that S1P (negative), but not spontaneous (positive), signaling of hCG production is coupled to G i .
There are a number of lysophospholipids (S1P, LPA, sphingosylphosphorylcholine) that signal by binding to cell surface receptors linked to G-proteins (29) . Although we are careful not to claim specificity of S1P signaling among the lysophospholipids, we have shown that LPA at 1 and 10 M does not inhibit or stimulate trophoblast differentiation more than control cultures. We are investigating the expression of LPA receptors (LPA1 to LPA3) on primary trophoblasts, and if they are present, we will continue our investigations of the effect of LPA on trophoblast differentiation.
One of the actions of G i is to inhibit adenylate cyclase, the rate-limiting enzyme in cAMP formation (3) . When cAMP levels were stimulated with forskolin, we found that S1P reduced them. Culturing CTs with a cell-permeable form of cAMP stimulates fusion (38) and differentiation to hCG-expressing cells (32) through interaction with the cAMP response element, leading to the upregulation of hCG ␣ transcription (39) , and the SP2 ␣ transcription factor, leading to the upregulation of hCG ␤ transcription (40) . We found that culturing CTs with 8-bromo-cAMP reversed the inhibitory effects of S1P on hCG production, indicating that S1P receptor/G i signaling is upstream of cAMP's prodifferentiation actions.
Partly purified villous trophoblasts when cultured serum-free appear to rapidly differentiate (Ͻ48 h) into syncytia and begin to secrete hCG (25, 26) . Highly purified trophoblasts also spontaneously differentiate in serumcontaining medium, but much more slowly and to a lesser degree (27) . However, even these highly purified cells rapidly fuse (but fail to survive) when cultured in a medium specialized for epithelial cells (41) . Thus, differentiation and survival of trophoblasts in culture appear to depend partly on the presence of mesenchymal cells contaminating the preparation (probably macrophages and fibroblasts) and partly on the basal medium (including serum). These effects of mesenchyme and basal media are overlapping and partial but can be studied. The partial suppression of primary trophoblast differentiation by S1P is part of a larger study of differentiation ongoing in this laboratory.
